Illusory motion reversals from unambiguous motion with visual, proprioceptive, and tactile stimuli  by Holcombe, Alex O. & Seizova-Cajic, Tatjana
Vision Research 48 (2008) 1743–1757Contents lists available at ScienceDirect
Vision Research
journal homepage: www.elsevier .com/locate /v isresIllusory motion reversals from unambiguous motion with visual,
proprioceptive, and tactile stimuli
Alex O. Holcombe a,*, Tatjana Seizova-Cajic b
a School of Psychology, Brennan MacCallum Building (A18), University of Sydney, Sydney, NSW 2006, Australia
b Faculty of Health Sciences, University of Sydney, Australiaa r t i c l e i n f o
Article history:
Received 31 October 2007







Perception0042-6989/$ - see front matter  2008 Elsevier Ltd. A
doi:10.1016/j.visres.2008.05.019
* Corresponding author. Fax: +61 2 9036 5223.
E-mail address: alexh@psych.usyd.edu.au (A.O. Hoa b s t r a c t
While viewing an unambiguously rotating circular array of bars for an extended period, most perceive the
array to occasionally move in the direction opposite to its true motion. We ﬁnd that this alternation in
perception has similar dynamics to rivalry, including little correlation among the durations of successive
percepts. We also describe analogous reversals in touch and in proprioception. In the proprioceptive case,
biceps vibration induces illusory forearm extension. Occasionally, although the same stimulation contin-
ues, reversals occur—ﬂexion is perceived rather than extension. Temporal sampling is often invoked to
explain the visual reversals but it cannot explain these proprioceptive reversals. Instead, after initial
adaptation to the stimulus, rivalry between signals indicating the opposing directions could potentially
explain reversals in all three modalities.
 2008 Elsevier Ltd. All rights reserved.1. Introduction
An unambiguously moving stimulus is usually perceived to be
moving in approximately its true direction, and certainly not in
the reverse direction. As exceptions to this generalization should
provide a clue to the underlying mechanisms, the illusory motion
reversal phenomenon has attracted interest not just from vision
scientists, but also from general theorists of neuroscience (e.g.
Andrews & Purves, 2005; Crick & Koch, 2003).
The illusory motion reversal phenomenon, which is also
known as the continuous wagon-wheel illusion, was ﬁrst de-
scribed clearly by Purves, Paydarfar, & Andrews, 1996. They
documented that a linear array of discs painted on a revolving
drum, although unambiguously moving in a particular direction
at a speed to which the visual system is quite sensitive, was
sometimes perceived to move in the opposite direction (see
also Schouten, 1967). Purves et al. and some subsequent
authors (Andrews & Purves, 2005; Crick & Koch, 2003; Simp-
son, Shahani, & Manahilov, 2005; VanRullen & Koch, 2003;
VanRullen, Reddy, & Koch, 2005) suggest that the illusion
reveals a neural temporal sampling process which leads to
the perception of reversals in the same way that the discrete
snapshots of a movie camera can create a ﬁlm showing a
wagon-wheel moving in the wrong direction. The temporal
sampling theory postulates that perception of reversals is tiedll rights reserved.
lcombe).to ﬂuctuations in the frequency of the temporal sampling pro-
cess, suggested to range between 10 and 20 Hz in an unknown
fashion (VanRullen et al., 2005).
Skeptics of the temporal sampling hypothesis have suggested
that the reversals are unrelated to temporal sampling and are con-
trolled by the same mechanism which yields the switches between
percepts in binocular rivalry (Kline, Holcombe, & Eagleman, 2004).
Kline et al. (2004) hypothesized that with extended viewing of the
unambiguous stimulus, adaptation of the motion detectors
responding to the true direction allows small and spurious re-
sponses from detectors tuned to the reverse direction to occasion-
ally triumph. These spurious responses could be caused by the
temporal aliasing that can afﬂict local Reichardt detectors (Kline
et al., 2004), or just reﬂect spontaneous activity. This is quite dis-
tinct from the van Rullen et al. hypothesis that the reversals are
caused by an object-based sampling varying between 10 and
20 Hz.
We investigate the dynamics of our motion reversal stimuli. If
the dynamics are similar to those in binocular rivalry and other
conventional multistable situations, this would suggest that they
reﬂect common underlying mechanisms unrelated to temporal
sampling. A very well documented property of multistable percep-
tion is the particular shape formed by the distribution of durations
of the dominance of any given interpretation (e.g., Brascamp, van
Ee, Pestman, & van den Berg, 2005; Pressnitzer & Hupe, 2006;
van Boxtel, van Ee, & Erkelens, 2007). When considering the se-
quence of percept durations rather than the overall distribution,
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no, De Marco, Allazetta, Rinesi, & Bartolini, 1972; Fox & Herrmann,
1967; Hupe & Rubin, 2003; Lehky, 1995; Pastukhov & Braun, 2007;
Richards, Wilson, & Sommer, 1994; Taylor & Aldridge, 1974; van
Boxtel et al., 2007; Walker, 1975). If reversals were controlled by
a process like a varying sampling rate, their dynamical properties
might not share these characteristics with rivalry. We shall have
more to say about implications for models of the switching process
in the discussion.
In addition to studying visual reversals, we also study motion
reversals that occur in other modalities. During unambiguous
stimulation, reversals in perceived direction of motion occur not
only in vision, but also in proprioception, speciﬁcally perceived
limb movement (ﬁrst reported by Seizova-Cajic, Smith, Taylor, &
Gandevia, 2007) and in touch (ﬁrst reported here).
The proprioceptive illusion occurs when the biceps is vibrated.
This vibration stimulates stretch receptors (muscle spindles) and
induces an illusory sensation of movement consistent with the
stretch of the vibrated muscle (Goodwin, McCloskey, & Matthews,
1972). During prolonged vibration, the illusory movement felt
occasionally reverses in perceived direction (Seizova-Cajic et al.,
2007). In the tactile domain, illusory reversals occurred when a
patterned surface of a rotating drum continuously moved across
the ﬁngertips. During prolonged stimulation, the direction of mo-
tion occasionally was felt to reverse.
The existence of illusory reversals in different modalities raises
the possibility that some factor common to all motion processing is
responsible for the reversals. One possibly-critical factor that all
three modalities may share is opponent processing of motion
(see Section 4 for more details), and another is adaptation to the
motion. Motion aftereffects can be elicited by stimulation in each
of the three modalities (Kito, Hashimoto, Yoneda, Katamoto, &
Naito, 2006; Seizova-Cajic et al., 2007; Watanabe, Hayashi, Kajim-
oto, Tachi, & Nishida, 2007; Wohlgemuth, 1911). A parsimonious
explanation would propose a mechanism common to all of the
modalities. In the visual and tactile modalities, undersampling of
the stimulus can yield a spatiotemporal pattern of signals that cor-
responds to motion in the reverse direction. But the proprioceptive
illusion is based on biceps stimulation which should always specify
a particular direction of arm motion (forearm extension rather
than ﬂexion), regardless of how it might be sampled. Since illusory
reversals nevertheless occur, this provides evidence that in human
sensory processing, motion reversals can be unrelated to temporal
aliasing of the peripheral signal and implies that aliasing may not
need to be invoked in vision either. This argument would be
strengthened if proprioceptive reversals are shown to have similar
dynamics as reversals in vision.
Here we investigate in more detail the dynamics of visual rever-
sals and compare them to reversals occurring in other modalities.
We also measured the aftereffect of stimulation in each modality
hoping it could help assess adaptation and its relationship to rever-
sals. Some new properties of the visual illusion are found that
speak to the underlying mechanism, in particular the role of adap-
tation. The dynamics of proprioceptive reversals could not be ex-
plored in as much detail due to their relatively low frequency,
but we note some similarities and differences relative to visual
reversals. Finally, we document the existence of reversals in touch.Fig. 1. The visual stimulus depicted above was rotated by a phonograph at 45 rpm
(veriﬁed by an oscilloscope and photocell) and viewed from 107 cm away, causing
the 10 bars to move at 16.2 deg/s (visual angle), with temporal frequency of 7.5 Hz.
The arrows and dimensioning lines were not present in the stimulus.2. Experimental methodology
2.1. Participants
Seventeen volunteers completed the visual and proprioception
experiment, and seven the experiment on touch. The participants
included the second author, ﬁrst-year students who were givencourse credit for participation, and various staff in the psychology
department. All but three participants had never before been in an
experiment with stimuli that yielded motion reversals.
2.2. Visual, proprioceptive, and tactile stimuli
The visual stimulus (schematized in Fig. 1) consisted of 10 bars
(each 0.52 deg wide, 1.07 deg high) arrayed in a circle of radius
3.44 deg centered on ﬁxation. The 45 rpm phonograph caused
the bars to rotate counterclockwise at a speed of 16.2 deg visual
angle/s, yielding a temporal frequency of 7.5 Hz. The stimulus
was viewed from a headrest positioned 107 cm away. The phono-
graph display was illuminated by a pair of bright lights driven by a
regulated (to eliminate voltage ﬂuctuations) DC power supply con-
nected to mains electricity. The lights did not provide spatially uni-
form illumination but lit the white stimulus background up to
about 1000 cd/m2, and the black had reﬂectance of 30% of the
white background. The desired absence of temporal variation in
the illumination was conﬁrmed by an oscilloscope and photodiode.
The proprioceptive stimulus was 90 Hz vibration delivered to
the biceps. A wooden board supported the left forearm in the hor-
izontal plane, approximately 10 cm below the shoulder level, at
130 relative to the upper arm (see left panel of Fig. 2). The vibrator
(Breville HM500) was attached to the side of the board, and its
head pressed against the biceps tendon using an elastic band.
When the vibrator was on, its sound was clearly audible to the
participant.
The tactile stimulus (right panel of Fig. 2) was a ﬁrm foam 1 cy-
cle/cm texture attached to a cylinder of diameter 9.3 cm rotating at
approximately 15–20 rpm. Participants lightly rested their thumb,
index ﬁnger and third digit on the moving texture throughout the
experiment. The stimulus was rotated by a low-torque motor,
which unfortunately had an irregular variable speed as indicated
above. Reversals occurred with this stimulus, which is the main re-
sult we present here regarding touch. Given that we did not contin-
uously measure the speed of the cylinder, nor the pressure or
stretch exerted on the ﬁngers, further work would be needed to
document quantitative properties of the reversal illusion in rela-
tion to the stimulus. The present methodology was intended only
to probe for the existence of a reversal illusion.
Fig. 2. The proprioceptive stimulus setup is shown at left. The vibrator was positioned on the left bicep, leaving the right hand free for button responses. The tactile stimulus,
shown at right, consisted of a soft 1 cycle/cm texture attached to a 9.3-diameter cylinder rotating at approximately 15 rpm. Participants lightly rested their thumb, index
ﬁnger, and third digit on the texture throughout the experiment.
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In the arm vibration experiment, effectiveness of the stimulus
depends on the exact positioning of the vibrator. To ensure appro-
priate placement, after initial positioning, the vibrator was turned
on for up to 15 s and participants asked if they experienced any
movement to conﬁrm it was in an effective position and to accus-
tom the participants to the fairly unusual vibration feeling. Varia-
tions in the anatomy of the arm and exact vibrator placement
nonetheless may have contributed to differences in the effective-
ness of the stimulus across people.
For all three modalities, all participants were ﬁrst run in a 3 min
session, followed by a 5 min break. Then they ran a 4 min session,
followed by a 3 min break, followed by a ﬁnal 4 min session. Partic-
ipants were blindfolded or kept their eyes closed throughout the
proprioceptive and tactile experiments. During breaks they were
encouraged to reposition their bodies for greater comfort and even
walk around in the case of the visual stimulus. In the case of the
proprioceptive stimulus however, vibrator positioning was critical
so they were not allowed to loosen the vibrator’s straps and while
they repositioned themselves, the experimenter insured the vibra-
tor was not dislodged.
2.4. Task and instructions
Observers in the visual condition were told that the stimulus
might appear to move in either direction or neither at times. They
were asked to continuously indicate perceived direction of motion
by pressing one of the two motion keys, and to press the third key
if neither direction of motion was clearly perceived. They contin-
ued responding when physical motion of the stimulus stopped,
in order to test for any motion aftereffect. Very similar instructions
were used for touch and proprioception.
2.5. Additional ‘‘marathon” testing
Three experienced participants including the two authors
participated in more extensive testing. A.H., T.S., and S.M. par-
ticipated in a ﬁrst visual ‘‘marathon” consisting of ﬁve 3 min
eras of the visual stimulus separated by 30 s intervals in which
the stimulus was stationary. A.H. and S.M. subsequently also
participated in three longer marathons consisting of 10 3 min
eras separated by 30 s of stationary stimulus. For propriocep-
tion, T.S. participated in a single marathon of 10 3 min eras
separated by 30 s periods in which the vibrator was off. A.H.
and S.M. participated in two such marathons. All marathonswere run at least 18 h apart to dissipate any previous
adaptation.
2.6. Data analysis
For vision, proprioception and touch, we report incidence of
reversals during stimulation and incidence of the aftereffect fol-
lowing stimulus offset. Touch was excluded from further analyses
because of the relatively uncontrolled nature of the stimulus (var-
iability in speed and lack of control of pressure exerted by the ﬁn-
gers). For vision we analyzed dynamics of perceptual alternations
during stimulation: mean duration of the dominant (‘forward’)
direction of motion and reversals; their incidence and duration
over time; and correlation between the duration of successive per-
cepts. Most but not all of these computations were also performed
for proprioception; some had to be omitted because propriocep-
tion yielded fewer reversals overall than vision. When a session be-
gan and a stimulus ﬁrst appeared, until the participant pressed the
button their percept was unknown. To be conservative in the anal-
yses below we considered the ﬁrst percept to begin when the par-
ticipant ﬁrst pressed the button. When we repeated most of these
analyses with the alternative assumption that the ﬁrst percept
duration extended back to the beginning of the session, the pattern
of results was the same (not shown).
3. Results
Two participants who completed the visual and proprioceptive
experiments were excluded from the analysis because during
debrieﬁng it became clear they misunderstood the instructions
(one based responses on knowledge of the stimulus rather than
perception, and the other appeared to have mixed up the response
keys).
3.1. Incidence and duration of reversals and aftereffect
In the tactile experiment, of seven participants, six experienced
reversals during at least one of the three sessions (see Table 1). In
the 4 min sessions, each of them experienced more than one epoch
of reverse motion. Some observers expressed high conﬁdence in
their reverse percept. A few said that they were often uncertain.
The rate of reversal varied quite widely, but some of the variations
could have been caused by the uncontrolled variability in the
stimulus. One possibility is that reversals are enabled by exten-
sive adaptation to the forward direction but interestingly, the
results presented in Table 1 shows that none of the participants
Table 1





3. Time to ﬁrst
reversal, s (IQR)
4. Duration of reversal
percepts, s (IQR)




Vision 0.53 6.8 30 (16,47) 1.6 (1.1,2.1) 13.4 (7.3,27.1) 0.93
Proprioception 0.80 1.2 28 (23,39) 2.16 (1.4,4.3) 5.8 (4.9,8.9) 0.60
Touch 0.86 n/a n/a n/a n/a 0
(Column 1) Proportion of Ss who experienced reversals in at least one of the three sessions (out of 15 Ss in vision and proprioception and 7 Ss in touch). (Column 2) The
median number of reversals (excluding the ﬁrst) per minute in participants who experienced reversals, computed for all 3 short sessions combined. (Column 3) Median time
to ﬁrst reversal (note that this does not correspond to the duration of the ﬁrst percept referred to in text, because sometimes the ﬁrst percept was followed by the ‘‘neither”
button rather than a reversal), with variability expressed as inter-quartile range (IQR), for the ﬁrst 3-min session. (Column 4) Median and IQR for duration of individual
reversals computed from the median values from each subject in the 3-min session if reversals were experienced (n = 7 for vision and 7 for proprioception). (Column 5)
Durations of forward percepts as in column four. (Column 6) Proportion of subjects experiencing the aftereffect (the reverse motion after stimulation) for at least 3 s in at least
one of the three sessions. Temporal properties of tactile reversals were not analyzed for reasons explained in the text.
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(it is worth noting that two participants verbally reported a subtle
and ﬂeeting aftereffect where, rather than feeling texture motion
across the skin, they felt that the cylinder and the ﬁngers were
together turning the opposite way). We performed no further
quantitative analyses on the tactile data but report this phenome-
non nonetheless because it may be the ﬁrst report of motion
reversals upon unambiguous stimulation in the tactile domain.
In vision and proprioception short sessions, most participants
experienced reversals and an aftereffect. Table 1 shows incidence
of these percepts across 15 participants. Proprioceptive reversals
occurred in a larger number of participants than visual (0.80 vs.
0.53), but for those who experienced reversals in vision, the med-
ian reversal rate was much higher than in proprioception (nearly 7
per min vs. 1.2 per min). Contrary to the incidence of reversals, the
aftereffect of stimulation was more commonly experienced in vi-
sion (0.93) than in proprioception (0.60). This indicates a dissocia-
tion between reversals and aftereffect, found also within
proprioception: proprioceptive reversals occurred in some partici-
pants who did not experience an aftereffect (four participants in
the initial 3-min session and four in the 4-min sessions), while
some participants experienced an aftereffect but no reversals in
the same session (three participants in the 3-min sessions and ﬁve
in the 4-min sessions). The visual aftereffect typically lasted much
longer than the proprioceptive, as is suggested by Fig. 3.
In vision, the veridical, forward percept strongly dominated,
with overall prevalence of about 0.9 of the total stimulation time,
whereas in proprioception the prevalence of the ‘forward’ direction
(direction consistent with the biceps extension) was only 0.5 or
less (see Fig. 5). The prevalence of reversals was similar in propri-
oception as in vision (up to about 0.11 of total time), but proprio-
ception had a much higher prevalence of ‘no motion’ or ‘unclear’
percept (about 0.5 as opposed to close to zero in vision).
In summary, after abouthalf aminuteof stimulationmanypartic-
ipants experienced reversals both in vision and proprioception. The
proprioceptive data had fewer reversals but they lasted longer than
reversals invision. Inproprioception, thereweretypicallymanyperi-
ods where subjects pressed the ‘‘other” button, which they reported
was usually used because no arm movement was being perceived.
This is quite different from vision wherein percepts alternated be-
tween forward and backwardwith very few periodswhere the third
button was pressed. The aftereffect occurred in both modalities,
althoughmore commonly in vision than in proprioception.
3.2. The initial percept
Our visual stimulation results show an initial disproportionate
bias for the most likely percept. Overall across the entire sessions
of the ﬁrst experiment, excluding the rare (1.4%) neither responses,
forward motion was the percept 92% of the time. The 45 differentsessions of data (3 sessions  15 participants) collected all began
with forward motion, and the probability of this extreme an out-
come is only 0.92445 = 0.029, suggesting that it did not occur by
chance. Apparently there was a strong initial bias for the more
likely percept. This is easily explained by the hypothesis of neural
competition between opposing motion detectors, with the rever-
sals having almost no chance of winning the competition until
adaptation to the forward interpretation decreases its advantage.
In the case of proprioception, the signal provided by the biceps
muscle spindles should unambiguously signal arm extension. Yet
the reverse percept of ﬂexion occurred quite often, on average
20.3% of forward and reverse responses (discarding neither re-
sponses). This should make it fairly likely that a percept of ﬂexion
would begin a session, yet 13 of 15 participants experienced exten-
sion before ﬂexion in all of their sessions. Of the 2 other partici-
pants, one experienced more ﬂexion than extension overall, in
contrast to all the other participants. Because interpretation in that
case is difﬁcult and we suspect he misunderstood the instructions,
we discard his data from consideration when seeking to determine
whether the rarity of beginning with ﬂexion could have occurred
purely by chance, based on the overall prevalence of arm ﬂexion.
This leaves only one of the remaining 39 sessions as beginning
with ﬂexion rather than extension. Given the overall ﬂexion prev-
alence of 20.3%, the probability then that only this one or zero of
these sessions would have shown ﬂexion before extension is only
0.0016. This suggests the presence of a strong initial bias for exten-
sion, and in having that bias the proprioceptive reversal illusion
resembles the visual case.
In our visual data, we observed that the ﬁrst percept not only
had an exaggerated bias to be forwards motion, but also it almost
always lasted much longer than subsequent percepts. We com-
pared the duration of the initial percept to the mean duration of
the subsequent percepts (save the last percept, which was trun-
cated by the end of the session) for each subject and session for
which there were at least three forward percepts. In the case of
the 4-min sessions, of 15 sessions that met the criterion, the initial
forward percept averaged 46 s compared to 10 s for the subsequent
forward percepts, paired t(14) = 2.6, p = .019. A similar effect was
evident in the 3-min sessions, where the mean initial duration
was 37 s and subsequently 10 s, although this was not signiﬁcant
with only six eligible sessions. If a learning effect contributes to
the incidence of reversals, this might have contributed to the
reduction in duration, but even ‘‘over-learned” observers such as
the authors showed the effect, as detailed in the marathon data
analyzed in Section 3.4.
The large difference between the duration of the ﬁrst visual per-
cept and subsequent visual percepts was not as consistent in pro-
prioception. In the 3-min sessions, of eight eligible sessions, the
mean ﬁrst extension duration was 13.8 s, against 8.3 s for subse-
quent percepts, paired t(8) = 1.5, p = .17. For the 4-min sessions,
Fig. 3. Probability of forward percept (heavy line) and reverse percept (gray line) across each of the three sessions, averaged over 15 participants. Shaded region indicates the
interval when the stimulus was off, showing the aftereffect. The sudden and very narrow dip at the time of stimulus offset reﬂects a very short lag for many observers
between stimulus offset and when they began to respond to the aftereffect.
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tion of the ﬁrst extension percept was 10 s and for subsequent per-
cepts was approximately the same at 12 s (not signiﬁcantly
different). The reason for this discrepancy with the 3-min sessions
is perhaps related to the signiﬁcant amount of adaptation, docu-
mented in the next sections, that occurred in proprioception but
not in vision.
3.3. Temporal patterns of perceptual events during short sessions
The average timecourse across the participants shown in Fig. 3
depicts the probability of the forward response (black line) and the
reverse response (gray line) in the 3-min and two subsequent 4-
min sessions. Examples of the pattern of individual responses are
depicted in Fig. 4.
In vision the incidence of forward motion, depicted by the black
line in Fig. 3, declined very slightly over the course of the stimula-
tion period. In this analysis, we exclude the ﬁrst 10 s because, as
shown above, the ﬁrst percept is longer than subsequent percepts
and we wish to exclude this effect. The regression then yields a
very small slope of 0.00051, corresponding to a decline of about
9% over the 3 min. There was a concomitant 7% increase in the inci-dence of reversals (slope of regression line = 0.00039). In the subse-
quent 4-min sessions, the slopes were still close to zero and
perhaps slightly shallower (forward percept slope = 0.00026/s,
reversals slope = 0.00025) than in the initial 3 min session. Slopes
were shallower again in the second session, nearly ﬂat at
0.000055 for forward motion and 0.000039 for the reverse
percept.
In contrast to the small effect in the visual case, in propriocep-
tion there was a strong decrease in arm extension percepts over
the 3 min (slope = 0.0018, regression p < .0001) amounting to a
large decline in incidence of 31%. The incidence of reversals did in-
crease but only by a similar amount as in vision (6%,
slope = 0.00038, regression p < .0001), so most of the decline in
arm extension was absorbed by the increase in the pressing of
the ‘‘neither/not sure” button. In the subsequent 4-min sessions,
slopes were shallower for the arm extension percept (0.00034
in the ﬁrst and 0.00047, ps < .00001) and remained very small
for the reverse percept (0.00013 and 0.00055). It seems that the
stable regime sometimes found in conventional perceptual rivalry
(Goutcher & Mamassian, 2006; Mamassian & Goutcher, 2005) did
not occur in the proprioceptive data, and this is conﬁrmed by the
marathon results below.
Fig. 4. Keypress sequence over the initial 3-min stimulation session for two
observers. Shaded region indicates the interval when the stimulus was off, showing
the aftereffect. S.M. experienced reversals frequently with visual stimulation and
rarely with proprioceptive stimuli, whereas N.A. never experienced a visual nor a
proprioceptive reversal. Variability was high across the other 13 participants as
well.
Fig. 5. Proportion of total time spent experiencing each percept for the 3 and 4-min
runs in vision and proprioception (the 4 min bars show the average of the two
4-min sessions).
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In the case of conventional multistable experiments, the mea-
sures obtained with long sessions, such as independence of succes-
sive percepts, have provided signiﬁcant constraints on theories of
that phenomenon (Brascamp, van Ee, Noest, Jacobs, & van den Berg,
2006; Moreno Bote, Rinzel, & Rubin, 2007). For our experiments,
Fig. 6 shows example time-series of the observer responses in each
of a marathon’s 10 eras, which were all separated by 30 s of no
stimulation.3.4.1. Visual marathons
Two participants ran in four visual marathons separated by at
least 18 h. Each marathon consisted of ﬁve or ten 3-min eras sep-
arated by 30 s during which the stimulus was stationary. A small
effect of adaptation possibly accumulating across eras is evident
in the results of participant A.H. (the ﬁrst author), in that in later
eras within a marathon, the ﬁrst reversal occurred slightly sooner
(Fig. 7). For this set of data, regressing time to ﬁrst reversal on era
yielded a slope of 0.08ln s/era (±.07, 95% CI), a signiﬁcant decline
(p = .012). This decline amounted to reversals occurring about 6 s
earlier in the tenth, ﬁnal era of each marathon than in the ﬁrst
era. The other participant who ran multiple marathons showed a
shallower and nonsigniﬁcant decline of 0.03 ln s/era (±.07, 95%
CI) in time to ﬁrst reversal, corresponding to less than 1 s over
the 10 eras.
Looking at durations of other percepts aside from the ﬁrst,
again any changes across eras are minimal. First, proportion of
time spent experiencing each of the three percepts changed little
across eras, as shown in Fig. 8. We also calculated the average
forward percept duration for each of the eras within a marathon
and then performed a regression to see if the duration declines
in successive eras as might be expected if adaptation accumu-
lates. We included in this calculation only percepts up to the
number in the era with the fewest for a given response and sub-
ject, to avoid a statistical artifact (described by Hupe & Rubin,
2003). For the duration of forward motion, trends were small
and mixed, with regression revealing a mean decrease for A.H.
(slope = 0.023 ln s/percept) statistically signiﬁcant in two mar-
athons and amounting to a decline of 0.48 s from the ﬁrst era to
the last. S.M. in contrast showed a non-signiﬁcant slight increase
(slope = 0.008). For reversal durations, trends were very small
and not signiﬁcant.
Above we tested for any manifest effect of adaptation or learn-
ing from one era onto the next and found little to no effect. Here we
consider the shorter timescale of a single era. As in the short ses-
sions, the duration of the ﬁrst forward motion percept was much
longer than subsequent percepts, concordant with some other
cases of multistable perception (Hupe & Rubin, 2003; Mamassian
& Goutcher, 2005; Pressnitzer & Hupe, 2006). The mean duration
across all marathon eras of the ﬁrst forward motion was 5.5 s for
A.H., 9.4 s for S.M., and 6.4 s for T.S., against 2.8 s, 3.7 s, and 2.2 s,
respectively for the mean duration after the ﬁrst forward percept
up to the fewest for a given response and subject (to avoid an arti-
fact, as mentioned earlier). These differences were all highly signif-
icant, for example in the case of A.H. with 1141 data points for the
mean forward duration excepting the ﬁrst, the 95% conﬁdence
interval assuming the data were approximately lognormally dis-
tributed spanned 2.30–2.46 s, which clearly excluded the possibil-
ity that the 5.5 s result found for the ﬁrst motion could have
occurred by chance. Furthermore, the extensive experience of ob-
server A.H. makes it unlikely that the shortening of the forward
percept was due to learning.
Fig. 9 shows the duration of the forward percepts (top panel)
and reverse percepts (bottom panel) over the course of the ﬁrst
3-min era for each visual marathon. Here the abscissa is not time
but rather ordinal percept number—the ﬁrst percept of that mara-
thon’s ﬁrst era, the second percept, etc. The duration of forward
motion percepts, excluding the ﬁrst which we already know to
be longer, declined slightly over the era for each subject by an aver-
age of 0.0041 ln s/percept num. This was non-signiﬁcant but
amounted to a decline of about 0.7 s over the era. When consider-
ing every era (all 35 for A.H. and S.M.), rather than just the ﬁrst in
each marathon mean slopes were still negative but again not sig-
niﬁcantly so. For the percept of reverse motion, mean duration
went up for A.H. (0.0028 ln s/percept, t(34) = 3.46, p = 0.0015)
but trended downward for S.M. (not statistically signiﬁcant).
Fig. 6. Keypress sequence over the ten 3-min eras (rows) of stimulation of one marathon for observer S.M. with visual stimulation (top) and proprioceptive stimulation
(bottom). Shaded region indicates the interval when the stimulus was off, showing the aftereffect. Of note is that with proprioceptive stimulation, the frequent experience of
forward motion and occasional reversals gradually diminished until no motion was experienced in the last era, despite the continued vibratory stimulation.
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mented so far, dependence on time might have an even shorter
timescale with effects manifest only in a comparison of the dura-
tion of successive percepts. The scatterplots in Fig. 10 show the ex-
tremely weak but signiﬁcantly positive correlations found in the
data. The correlation between the log duration of a forward percept
and the log duration of the next percept when it was a reversal was
for each marathon subject positively correlated and statistically
signiﬁcant (p < .001 for each), mean r = .16. This result is in accord
with a rare consensus in the literature on conventional multistable
percepts—correlations are always less than 0.3 (see Section 4 for
implications).
In this section, the visual marathons provided further evidence
that the ﬁrst percept was longer than subsequent percepts. At the
same time, on a variety of other metrics that might show depen-
dence on time, very little effect was found, documenting a surpris-
ingly stable regime after the ﬁrst percept.3.4.2. Proprioceptive marathons
In contrast to the visual case, in proprioception there was a
massive effect of time. The full time-course for an example mar-
athon is provided in Fig. 6. In the later eras of the proprioceptive
marathon, the participant is increasingly likely to report no mo-
tion and incidences of extension and ﬂexion are less and less
common. By the last era, this participant did not report any
extension or ﬂexion, and the same was true of one of the other
two participants. This profound effect of adaptation contrasts
sharply with the visual case (right panel of Fig. 6) discussed
above.
Mean durations of percepts were not suitable for statistical
analysis because their number in each era were too variable
and often zero. Proportion of the session spent pressing each
button was a better measure. As is visible in Fig. 8, adaptation
manifested as a consistent increase in proportion of the time
participants pressed the button indicating no motion, excepting
Fig. 8. In each era of the marathons, proportion of stimulation time spent experiencing each percept for example observers. Little change occurred across eras for vision, but a
profound decline of movement percepts occurred for proprioception.
Fig. 7. Time until the ﬁrst reversal report of each era for the four marathons participated in by A.H. (left) and S.M. (right), with slope and 95% conﬁdence interval. Negative
trends are shallow and signiﬁcant only for A.H.
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saw an anomalous sharp increase in proportion of forward mo-
tion. Mean regression r for other marathons for each subject was
greater than 0.8 (all ps < .01) and slopes were statistically signif-
icant (all ps < .0001), with mean 7.5% per era, such that each
subject experienced neither extension nor ﬂexion for nearly
100% of the time in the ﬁnal session. Time spent experiencing
forward motion declined concordantly, r = .8 for each subject,
mean of 6.7% per era. The adaptation to the extension percept
interestingly was not accompanied by an increase in the reverse
percept.Percept numbers were too low to analyze for correlations as we
did for the visual stimuli.
3.5. Distributions of percept durations
Work with conventional ambiguous stimuli has found that the
durations of the percepts follow fairly similar distributions despite
the use of wildly differing stimuli. The distributions are skewed
with a long tail and are usually ﬁt by a gamma distribution,
although sometimes a lognormal ﬁt to the durations or a gamma
ﬁt to rates provides better ﬁts (Brascamp et al., 2005).
Fig. 9. Natural log of percept durations through the ﬁrst era of each of the four marathons. The duration of the ﬁrst forward motion percept was usually the longest and is
depicted by ﬁlled symbols. Even excluding the ﬁrst percept, duration of the forward motion percepts declines slightly during the ﬁrst era. Each percept number has four data
points reﬂecting the four marathons up to the maximum percept number shared by all four marathons, after which the data is shaded. Linear ﬁts omitted the ﬁrst duration
and included points only up to the maximum shared percept number, and line shown is the average of separate ﬁts to each marathon.
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tributed similarly, we plotted the empirical probability density
function for the durations of the percepts of forward motion using
the data from the vision marathon sessions for each participant.
The distribution of the durations of the forward motions are shown
in Fig. 11, collapsing across all eras of the marathons. In data from
the shorter sessions, we would like to collapse across participants
after normalizing to their mean duration as previous authors have
done but the existence of many participants who saw the reversals
never, once, or twice yields badly-behaved data. As for reversal
durations, their distribution also is unlikely to be very informative.
They were tightly clustered around one second and the precision of
the participants’ button presses is probably comparable or worse
than the timescale of the reversal durations (Fig. 12).
For the durations of the forward percepts in the marathons, we
were able to compare the ﬁts of the gamma distribution to the
duration histogram, the ﬁt of the gamma distribution to the rates
(1/duration), and the lognormal distribution to the durations. Fol-
lowing Brascamp et al. (2005) we exclude the extreme 2% longest
durations as well as extreme 2% shortest of durations as these are
likely to include a high proportion of mistaken keypresses. We use
a gamma distribution of the form:





The histograms and best-ﬁtting functions are depicted in Fig.
11. Using the MATLAB statistics toolbox distribution ﬁtting func-
tions, all ﬁts were performed on cumulative distribution functions,
as ﬁtting frequency histograms necessitates an arbitrary bin size
choice. Fits were compared on sum of squared residuals (divided
by degrees of freedom—data points minus 2) and the p-value of
the Kolmogorov–Smirnov statistic (Table 2). Contrary to the ﬁnd-ings of Brascamp et al. (2005) for conventional multistable stimuli,
gamma distribution on rates was never the best ﬁt. Instead, the
gamma on durations was the best ﬁt for A.H. according to Kol-
mogorov–Smirnov (p = .53) and for T.S. according to squared resid-
uals (SSE = 0.00016), although lognormal ﬁt best for A.H. according
to squared residuals (0.0003) and for T.S. according to Kolmogo-
rov–Smirnov (p = .74). Lognormal ﬁt better according to both mea-
sures for S.M. For bistable motion plaids, Rubin & Hupé (2004)
found lognormal to ﬁt better than gamma and the same was found
for another bistable motion stimulus as well as binocular rivalry
and Necker cube by Zhou, Gao, White, Merk, and Yao (2004). Hence
the present result of lognormal ﬁtting best is consistent with the
somewhat-unsettled multistable perception literature, in which
recent reports are that either the lognormal or the gamma on rates
ﬁts best.
4. Discussion
We found reversals during unambiguous stimulation in three
modalities. The origins of these reversals are not yet clear. Previ-
ously, the dynamics of perceptual switches had only been studied
for percepts that are plausible interpretations of the stimulus. Our
reversals, occurring as they do with completely unambiguous
stimulation, were under suspicion of being controlled by very dis-
tinct mechanisms than are conventional perceptual alternations.
However, our experiments revealed some similarities between
the dynamics of perceptual switches with conventional ambiguous
stimulation and the present, seemingly-pathological perceptual
reversals. When common dynamical properties span such diver-
gent stimuli—binocularly discordant stimuli, pictorial stimuli with
multiple interpretations, multistable motion stimuli, auditory
stimuli with multiple perceptual organizations, and the present
Fig. 10. Correlations between natural logs of duration of successive visual percepts for A.H. (left column) and S.M. (right column). Correlations were small, but were often
statistically signiﬁcant thanks to our large data sets. The relationships depicted by the bottom row should be treated with caution as reversal durations were very short and
changes in arousal over the session could affect response time similarly in the two cases, yielding a spurious correlation.
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truly general about neural perceptual computation.Our results for the most part do not rule out any particular




Fig. 11. Frequency histograms of the duration of percepts of forward motion for the
three observers who participated in marathons. Maximum-likelihood ﬁts are based
on best-ﬁtting functions to the empirical cumulative distributions. The best ﬁt
depends on the subject and ﬁt metric but is always either the gamma or lognormal
on durations.
Fig. 12. Complementing the previous ﬁgure but for percepts of reverse motion,
frequency histograms for the three observers who participated in marathons.
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cause of all reversals.
4.1. Understanding visual reversals
Until now the motion reversal illusion was studied only in vi-
sion, and the most contentious issue to date has been the source
of the signal specifying the reverse direction. The reversal percept
in vision may occur via discrete sampling, as in the wagon-wheel
illusion in the cinema (Purves et al., 1996). Although discrete sam-
pling at a global level has been ruled out (Kline et al., 2004), there
remains the possibility of object-based sampling (Vanrullen, 2006;
Vanrullen, 2007) or aliasing at the level of individual Reichardt-like
detectors with small receptive ﬁelds (Holcombe, Clifford, Eagl-
eman, & Pakarian, 2005; Kline et al., 2004). The sampling and alias-
ing accounts might explain reversals in vision and touch, although
they cannot explain the reversals in proprioception. A further dif-
ﬁculty for these accounts is the existence of illusory motion rever-
sals even with non-periodic random-dot stimuli (Kline and
Eagleman, 2008). With random-dot stimuli, sampling at any partic-
ular frequency would cause only a small minority of the respond-
ing motion detector population to respond incorrectly at any one
time.Simple visual motion percepts reﬂect the difference in activity
between detectors for opposite motions (e.g., Stromeyer, Kronauer,
Madsen, & Klein, 1984). In the case of our unambiguous stimuli,
the signal for the reverse direction may be a response by ﬁrst-order
motion detectors predominantly tuned to the opposite direction
reﬂecting unselective and spontaneous activity, or activity created
by the same process that causes neural ﬁring during the conven-
tional motion aftereffect (Kline & Eagleman, 2008; Kline et al.,
2004). Indeed, an account based on unselective activity could ex-
plain the reversals in all three modalities, vision, touch, and
proprioception.
The temporal sampling theory also does not seem able to ex-
plain percept switches with conventional multistable stimuli. Con-
sider the classic Necker (1832) cube wireframe line drawing, which
reverses in perceived depth. Perceptual switching between differ-
ent perspective views of the Necker cube is unlikely to be due to
Table 2
Fit metrics as measured by mean sum of squared residuals and p-value for Kolmogorov–Smirnov test for three different distributions (rows) and three different observers
(columns)
A.H. T.S. S.M.
SSE pKS SSE pKS SSE pKS
n2 n2 n2
Gamma (durations) 0.33 0.53 0.00016 0.19 0.0003 0.027
Gamma (rates) 0.0018 <0.0001 0.0012 0.057 0.0012 0.0002
Log normal (durations) 0.0003 0.067 0.00023 0.74 0.0002 0.34
Not all measures favored the same distribution, but lognormal was favored more often than the others.
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signal anything different at different average sample rates. In the
case of binocular rivalry, two distinct, unchanging stimuli are pre-
sented to the two eyes. If the hypothesized temporal sampling
is binocular as suggested by the proposal that it is object-based
(VanRullen, 2006), the sampling could not yield the switching of
experience between the stimuli in the two eyes. One theory of bin-
ocular rivalry suggests that oscillation of activity between the two
hemispheres controls the switching in perceptual rivalry, but this
oscillation is thought to be at the second or super-second timescale
(Pettigrew, 2001), much slower than the fast temporal sampling
suggested to yield reverse motion in our stimuli (VanRullen et
al., 2005). Indeed, with switching in binocular rivalry occurring
at between 0.2 and 1.5 Hz in normal observers, it seems that any
sampling process that switched between the eyes must be differ-
ent from the 10–20 Hz sampling used to account for motion rever-
sals. Therefore, the commonalities in dynamics between
conventional multistable percepts and motion reversals do not
provide any support for the temporal sampling theory of reversals.
4.2. Understanding proprioceptive reversals
As with visual processing, opponent processing is thought to
underlie perception of limb movement (Gilhodes, Roll, & Tardy-
Garvet, 1986; Ribot-Ciscar & Roll, 1998). The opposing inputs orig-
inate in antagonistic muscles, such as biceps and triceps in case of
the forearm movement. In support of this, simultaneous vibration
of both the agonist and antagonist muscle cancels the illusion of
forearmmovement or reduces it to an illusion of a very slowmove-
ment, as long as the signals (vibration frequencies) are equal. If dif-
ferent vibration frequencies are simultaneously applied to the
biceps and triceps (resulting in different levels of activity in their
muscle spindles), the illusory movement is restored, and its direc-
tion is predictable from the difference in frequency (Gilhodes et al.,
1986; Roll & Vedel, 1982). The perception of limb velocity is thus
correlated with the difference in discharge rate of the agonist
and antagonist muscles. This difference occurs not just with vibra-
tion but also during real passive movements, as documented with
human microneurography (Roll & Vedel, 1982).
Consistent with opponent processing and with the ﬁnding that
vibration is followed by a temporary decrease in the ﬁring rate of
muscle spindles (Ribot-Ciscar, Rossi-Durand, & Roll, 1998), the pro-
prioceptive movement illusion is often followed by a motion after-
effect when vibration stops (Goodwin et al., 1972; Kito et al., 2006;
Roll & Vedel, 1982; Seizova-Cajic et al., 2007). In the present study,
60% of participants (9 out of 15) experienced this aftereffect of
vibration; in contrast, all the participants experienced the afteref-
fect of visual motion. This discrepancy does not necessarily indi-
cate an important difference between vision and proprioception,
but may be related to the non-ecological duration of the proprio-
ceptive stimulation: it lasted 3–4 min, far exceeding the duration
of any real movement in one direction and likely also exceeding
its intensity (the 90 Hz vibration probably yielded a 90 Hz ﬁring
frequency in sensory units; see Roll & Vedel, 1982). Another studythat used a long vibration (6 min) obtained a very similar result
(Seizova-Cajic et al., 2007), while vibration periods of only 10 s re-
sulted in the movement aftereffect in all 19 participants (Kito et al.,
2006). We speculate that long-lasting vibration in the present
study resulted not only in a deep adaptation of the stimulated
afferents, but also in a temporary exclusion of both the opponent
muscle spindle channels from computation of limb movement.
This would explain not only the reduced occurrence of the afteref-
fect but also the eventual cessation for some, during extended
stimulation, of movement perception in both the forward and re-
verse direction. But does suppression of an entire set of mecha-
nisms, upon unusual behavior of one component, have precedent
in the perceptual literature? Partial support may come from aniso-
metric amblyopes who have loss in one eye selective to high spa-
tial frequencies. Despite the selectivity of the loss to high spatial
frequencies, it seems the entire range of mechanisms is inhibited
for that eye, at least to some extent (Pardhan & Gilchrist, 1992).
Althoughopponent processing of the input fromchannels encod-
ing different directions ofmotion seems to be common to vision and
proprioception, there is an important difference: unlike in vision,
opponent processing in proprioception does not readily offer an
explanation of reversals. Conventional multistable visual stimuli
such as orthogonal gratings presented one to each eye as well as
the moving stimulus used in the present study have been hypothe-
sized to excite both the opposing channels. But in proprioception,
it is hard to see why vibration should excite the opponent sensory
channel—namely, that vibration of the biceps that excites its stretch
receptors should also induce signals about stretch of the triceps. In-
deed, sensory signals from the triceps do not seem to change,
althoughmotor channels of the triceps do show increased excitabil-
ity during vibration of the biceps (Calvin-Figuière, Romaiguère, &
Roll, 2000; Kito et al., 2006), as if preparing for the contraction it
would undergo if the illusory movement were a real movement. It
is not clear how these motor changes could help explain the rever-
sals. With no known change in triceps sensory signal upon biceps
vibration, the experience of reverse motion may correspond simply
to spontaneous activity in the triceps, when it occasionally exceeds
the input from the adapted vibrated muscle. Many human muscle
spindle primaries have a resting activity level of approximately 6–
15 impulses per second (Edin & Vallbo, 1990; Wilson, Gandevia, In-
glis,Gracies,&Burke, 1999). Thebicepsvibrationmay thusbeginas a
non-ambiguous arm movement signal that becomes ambiguous
withprolonged stimulation,when the stimulated channel decreases
its ﬁring rate due to adaptation. The level of activity in both channels
is then quite similar and ﬂuctuations (perhaps related to that in con-
ventional rivalry) determine the winner, resulting in perceptual
switches. Note that adaptation must truly rise to an extreme level
for the biceps spindles under continued stimulation to fall below tri-
ceps spindle resting level.
Alternatively it is conceivable that illusory forearm reversals are
related to a clash of cues to arm movement and position induced
by the biceps vibration. Vibration mainly activates just the muscle
spindle primaries, but not the muscle spindle secondaries or other
receptors involved in coding of movement and position of limbs,
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the corollary discharge of voluntary movement commands
(Gandevia, 1996; Matthews, 1982). These latter cues may therefore
indicate the true limb position or suggest that it has not changed as
much as the velocity signal would have it (for a discussion of the
possible dissociation between velocity and position signals in
vibration-induced movement illusions, see Goodwin et al.,
p. 723; also seeMcCloskey, 1973). If these signals alternate in domi-
nance somehow, it could be argued that reversals would result. For
example, a person may feel illusory forearm movement towards
extension for several seconds, followed by a sudden awareness
that its position has hardly changed since the illusory movement
begun. We think this account is incorrect because it seems incon-
sistent with phenomenology; rather than the experience of slow
movement (during reversals) that occurs, this theory seems to pre-
dict a quick ‘repositioning’ of the forearm, not reported by our
participants.
4.3. Role of adaptation in yielding reversals
Based on the evidence, we suggest:
(1) an initial period of adaptation to the strong forward motion
stimulus is necessary before reversals can begin
(2) following the ﬁrst switch, the momentary level of adaptation
is not the most important factor determining when a switch
occurs.With regards to the ﬁrst point, considerable adaptation would
be necessary to reduce activity of the veridical direction detectors
sufﬁciently to allow a small (resting-level) signal in the reverse
direction to prevail, in both vision and proprioception. Signiﬁcant
adaptation in both sensory modalities is then necessary to trigger
the ﬁrst reversal, which is consistent with the long duration of
the ﬁrst percept, especially in vision.
In those few cases in the multistable literature where the ﬁrst
percept is discussed, for some stimuli as here its duration has been
reported to be longer than subsequent occurrences (rectangular-
wave moving plaids, Hupe & Rubin, 2003; Mamassian & Goutcher,
2005; Pressnitzer & Hupe, 2006), while in other cases it was the
same duration (sinusoidal moving plaids, Hupe & Rubin, 2003; bin-
ocular rivalry of moving dots, Hupe & Rubin, 2003) as subsequent
percepts. More work in this area is needed to test our supposition
that the initial long percept reﬂects an initial necessary period of
adaptation.
Subsequent to the ﬁrst percept, with our visual stimuli we
found that average percept durations were quite stable. This is
sometimes reported for conventional multistability (binocular riv-
alry, Mamassian & Goutcher, 2005; binocular rivalry and also mo-
tion plaids, Goutcher & Mamassian, 2006; Rubin & Hupe, 2004)
but instead there are often increases in percept durations through
a session (Lehky, 1995; van Ee, 2005; Cogan & Goldstein, 1967;
Suzuki & Grabowecky, 2007) or reductions are found (Kohler,
1940, p.72; Brown, 1955; Long, Toppino, & Kostenbauder, 1983).
To further complicate the picture, Suzuki and Grabowecky
(2007) found increases in duration within a session but decreases
on the longer timescale of succeeding days. Such long-term
speeding or a learning process (Girgus, Rock, & Egatz, 1977; Rock
& Mitchener, 1992) may be the reason that our three experienced
marathon participants had shorter times leading to the ﬁrst
reversal (14.4 s, std dev = 4.8 s) in the marathons compared to
an average 45 s for the inexperienced observers in the other ses-
sions. Once more work is done on conventional multistability and
the factors that distinguish the stimuli with a stable regime from
those without, our ﬁnding of a largely stable regime will have
clearer implications.
Our second tentative conclusion, that ﬂuctuations in the level of
adaptation is not the major trigger of reversals, is supported by thesame logic that others have used to arrive at the same conclusion
for conventional perceptual multistability.
As mentioned above, in the case of vision we documented a lar-
gely stationary stable regime, where apart from the ﬁrst percept,
across the session the percept durations changed little. This sug-
gests that adaptation level does not change overall, but adaptation
level might still be oscillating over the smaller timescale of a few
percepts and directly triggering the percept switches. If they were
indeed driven deterministically by adaptation, an extended period
of dominance of one percept and adaptation to it should be fol-
lowed by, on average, a fairly long period of dominance of the other
percept. The absence of large correlatiions in conventional multi-
stable perception has long been used to argue that noise is the
main factor causing the variability of percept durations (Brascamp
et al., 2006; Kim, Grabowecky, & Suzuki, 2006; Moreno Bote et al.,
2007; Noest, van Ee, Nijs, & vanWezel, 2007; Sugie, 1982). Here we
found similarly low correlations among the durations of percepts
in the visual motion reversals illusion.
Although the low correlations indicate that variability of switch
times is caused by noise, adaptation nevertheless plays a critical
role in current models of perceptual multistability (Brascamp
et al., 2006; Moreno Bote et al., 2007). These modelers suggest that
adaptation is necessary to account for the shape of the distribution
of percept durations, which contains a single peak at a seconds
scale. The relative infrequency of shorter durations is predicted
thanks to the way adaptation functions. The idea is that when
one percept becomes dominant, its representation is relatively un-
adapted. At this point, in dynamic-systems terms it constitutes a
deep attractor relative to the amplitude of the noise, so immedi-
ately after a switch it is highly unlikely that the noise can drive
it into the other percept’s attractor basin (Lankheet, 2006). Over
time however, adaptation slowly decreases the depth of the attrac-
tor, giving noise a chance to initiate a percept switch.
Although motion reversals in vision might have been thought to
originate from a completely different process than that involved in
conventional multistable perception, here we found that the
dynamics are similar, supporting our point two above.
In proprioception we did not have enough reversals to perform
the kind of analyses used to understand the role of adaptation in
vision. But like in vision, we did ﬁnd that the ﬁrst percept was
longer than subsequent percepts. This occurred only for the initial
3-min session and did not reach statistically signiﬁcance, perhaps
because the rapid decrease in the incidence of both feelings of
extension and ﬂexion compromised the number of percepts avail-
able for analysis. The striking decrease in the incidence of both per-
ceptual interpretations itself seems to dissociate adaptation to
forward motion from the reversals, but more work is needed to
understand this phenomenon.
Our ﬁnding that reversals also occur in touch strengthens the
proposal that reversals reveal a basic neural mechanism. That there
was no consistent aftereffect in touch, although reversals were
common, might seem to suggest that adaptation did not occur,
challenging any explanation relying on adaptation in opponent
channels. More likely, however, is that the aftereffect’s absence
was due to testing with the stationary stimulus after the stimulus
stopped rather than a dynamic one (see Watanabe et al. (2007) for
discussion of this issue.
5. Conclusions
The percepts studied with conventional multistable stimuli
seem qualitatively different than motion reversals, as the reason
for motion reversals is obscure, and their existence seems unadap-
tive. Whereas the dynamics of alternation among interpretations
of conventional stimuli might reﬂect some adaptive process for
assessing ambiguous sensory signals (Brascamp et al., 2008; Suzuki
1756 A.O. Holcombe, T. Seizova-Cajic / Vision Research 48 (2008) 1743–1757& Grabowecky, 2007), the seemingly unadaptive nature of motion
reversals raised the possibility that a completely different mecha-
nism could control its dynamics, like a temporal sampling process
ﬂuctuating in frequency (VanRullen et al., 2005).
However, here we documented common dynamical features
shared by visual motion reversals and conventional multistable
phenomena. To explain both this and the reversals in propriocep-
tion and touch, we must suggest that spontaneous or adaptation-
enabled signals representing the non-veridical direction compete
for control of perception, in the same way that multiple stimulus
interpretations compete while viewing more ambiguous stimuli.
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